Alterations in the ubiquitin-proteasome system (UPS) have been described in left ventricular hypertrophy and failure, although results have been inconsistent. The role of the UPS in right ventricular (RV) hypertrophy (RVH) and RV failure (RVF) is unknown. Given the greater percent increase in RV mass associated with RV afterload stress, as present in many congenital heart lesions, we hypothesized that alterations in the UPS could play an important role in RVH/RVF. UPS expression and activity were measured in the RV from mice with RVH/RVF secondary to pulmonary artery constriction (PAC). Epoxomicin and MG132 were used to inhibit the proteasome, and overexpression of the 11S PA28␣ subunit was used to activate the proteasome. PAC mice developed RVH (109.3% increase in RV weight to body weight), RV dilation with septal shift, RV dysfunction, and clinical RVF. Proteasomal function (26S ␤5 chymotrypsin-like activity) was decreased 26% (P Ͻ 0.05). Protein expression of 19S subunit Rpt5 (P Ͻ 0.05), UCHL1 deubiquitinase (P Ͻ 0.0001), and Smurf1 E3 ubiquitin ligase (P Ͻ 0.01) were increased, as were polyubiquitinated proteins (P Ͻ 0.05) and free-ubiquitins (P ϭ 0.05). Pro-apoptotic Bax was increased (P Ͻ 0.0001), whereas anti-apoptotic Bcl-2 decreased (P Ͻ 0.05), resulting in a sixfold increase in the Bax/Bcl-2 ratio. Proteasomal inhibition did not accelerate RVF. However, proteasome enhancement by cardiacspecific proteasome overexpression partially improved survival. Proteasome activity is decreased in RVH/RVF, associated with upregulation of key UPS regulators and pro-apoptotic signaling. Enhancement of proteasome function partially attenuates RVF, suggesting that UPS dysfunction contributes to RVF. ubiquitin; proteasome; right ventricle; cardiac hypertrophy; heart failure PATHOLOGIC HYPERTROPHY IS an important adaptation to stressors varying from ischemia to hypertension as well as many forms of congenital heart disease. Chronic hypertrophy-inducing stress can lead to fibrosis, decreased contractile function, and ultimately heart failure. Pressure overload hypertrophy is associated with a marked increase in protein synthesis at a rate exceeding degradation (57), the most dramatic the heart experiences since early development. Under normal circumstances, the proteins of the heart turn over at a rate that would replace all in 30 days (15, 33, 50) . More than 70% of protein turnover is regulated by the ubiquitin-proteasome system (UPS) (18, 56, 74) , involving signaling the target by covalent attachment of ubiquitin and degradation of tagged proteins by the 26S proteasome complex with release of ubiquitins by deubiquitinating enzymes. Three peptidase activities, chymotrypsin-like, trypsin-like, and caspase-like activities, have been assigned to the ␤ 5 , ␤ 2 , and ␤ 1 subunits, respectively, of the 20S core proteasomal complex, capped by 19S regulatory and/or 11S activator complexes. The UPS also interacts with lysosomal (autophagy dependent or independent) and other protease-specific pathways within the cardiomyocyte (17, 71).
PATHOLOGIC HYPERTROPHY IS an important adaptation to stressors varying from ischemia to hypertension as well as many forms of congenital heart disease. Chronic hypertrophy-inducing stress can lead to fibrosis, decreased contractile function, and ultimately heart failure. Pressure overload hypertrophy is associated with a marked increase in protein synthesis at a rate exceeding degradation (57) , the most dramatic the heart experiences since early development. Under normal circumstances, the proteins of the heart turn over at a rate that would replace all in 30 days (15, 33, 50) . More than 70% of protein turnover is regulated by the ubiquitin-proteasome system (UPS) (18, 56, 74) , involving signaling the target by covalent attachment of ubiquitin and degradation of tagged proteins by the 26S proteasome complex with release of ubiquitins by deubiquitinating enzymes. Three peptidase activities, chymotrypsin-like, trypsin-like, and caspase-like activities, have been assigned to the ␤ 5 , ␤ 2 , and ␤ 1 subunits, respectively, of the 20S core proteasomal complex, capped by 19S regulatory and/or 11S activator complexes. The UPS also interacts with lysosomal (autophagy dependent or independent) and other protease-specific pathways within the cardiomyocyte (17, 71) .
Abnormalities in proteasomal function have been described well in models of left ventricular (LV) hypertrophy (LVH), ischemia-reperfusion (2, 10, 16) , and dilated and desminrelated cardiomyopathies (13, 49) , as well as in human heart failure (47, 49, 72) . However, studies have been contradictory, showing either increased or decreased proteasomal enzyme activity in the afterload stressed LV (31, 43) . Other models have demonstrated both cardioprotective (9, 21, 25, 59 ) and cardiotoxic (12, 20, 27, 32, 45, 46) roles of the UPS via regulation of apoptosis, NF-B signaling, and oxidative stress.
Although much is known about the molecular mechanisms of LVH and LV failure (LVF), the mechanisms underlying right ventricular (RV) hypertrophy (RVH) and RV failure (RVF) are less understood. RVH and RVF are a major cause of morbidity and mortality in patients with pulmonary hypertension and represent long-term risks for patients with surgically corrected congenital heart diseases such as tetralogy of Fallot, L-transposition of the great arteries, and hypoplastic left heart (4, 34) . Standard treatments for LVF (ACE inhibitors, ␤-blockers) have shown limited success in RVF (22, 54) , suggesting fundamental cellular-level differences between the RV and LV. The two ventricles derive embryologically from different heart fields (19) and manifest differences in calcium handling, inotropy, and patterns of gene expression in response to stress (7, 37, 67, 69) . Little is known about the role of the UPS in the RV. A dominant mutation in the gene encoding plakoglobin in a patient with arrhythmogenic RV dysplasia has been shown to be associated with alterations in ubiquitination, possibly via changes in proteasomal degradation (1) . Although ubiquitins and proteasomes have been shown to play a role in the RV (3, 66) , the clinical significance of the UPS in RV health and disease remains unclear.
Given that the RV is a thinner-walled chamber than the LV, such that afterload stress would produce a greater stimulus for RVH, we hypothesized that the UPS could be even more critical for maintaining protein integrity in the rapidly hypertrophying RV. We used our previously reported model of pulmonary artery constriction (PAC) resulting in marked RVH [doubling of RV weight to body weight (RVW:BW)] and recapitulating the clinical features of RVH/RVF in patients (RV enlargement, septal shift, tricuspid regurgitation, right bundle branch block, increased RV end-diastolic pressure, decreased RV function, ventricular dyssynchrony, and peripheral edema) and transitioning to RVF and death (67) . The purpose of the current study was to evaluate the role of the UPS in mediating RVH/RVF.
MATERIALS AND METHODS
Model of PAC. RVH/RVF was created using our previously characterized murine model of PAC (67) . Briefly, male FVB/N mice aged 8 to 10 wk were intubated, a left lateral thoracotomy was performed, and the main pulmonary trunk was identified and banded with a 7-0 suture, tied tight against a 26-gauge needle, which was then removed, all under isoflurane inhalation anesthesia. Age-and strain-matched sham-operated controls underwent an identical procedure, with the sole exception being placement of the band. Sham-operated animals were a separate group and not failed bandings. We have previously shown that this PAC model of pressure overload is characterized by a stable increase in RVW/BW without signs of failure by 4 days post-operative (post-op), and by clinical features of heart failure (maladaptive hypertrophy) progressing to death by 8 to 10 days post-op. (51, 67) . Accordingly, animals were euthanized at two time points: at 4 days post-op and at 8 to 10 days post-op.
Echocardiography. Serial two-dimensional and Doppler echocardiograms were performed at baseline and 1 wk after sham or PAC surgeries. Echocardiographic images were acquired with a GE Vivid 7 ultrasound system (GE Healthcare, Milwaukee, WI) with 13-MHz transducer. Doppler signals analyzed included maximum pulse wave Doppler and velocity-time integral in the RV outflow tract (RVOT) to estimate the peak pressure gradient between the RV and pulmonary artery. RVOT dimensions were measured at the level of the pulmonary valve in parasternal short-axis views, and RVOT fractional shortening (FS), an echo surrogate of RV function, was calculated (44, 67) .
Peptidase activity assays. Hearts of mice euthanized at 1 wk post-op were separated into RV free wall, LV free wall, and septum, weights were quickly recorded, and hearts were then frozen in liquid nitrogen and stored at Ϫ80°C for further processing. Homogenization of RV free wall was performed on ice beginning with mincing of the tissues for 10 s with a razor blade. The tissues were then immediately homogenized using a dounce homogenizer with appropriate volumes of 26S buffer of (in mmol/l) 50 (mM) Tris, 1 EDTA, 150 NaCl, and 5 MgCl 2 (pH 7.5) and freshly added DTT (0.5 mmol/l) and subsequently centrifuged at 12,000 g for 30 min at 4°C.
The 26S proteasomal assay was carried out in a total volume of 100 l in 96-well plates with 100 mol/l (M) ATP in 26S buffer of (mmol/l) 50 Tris, 1 EDTA, 150 NaCl, 5 MgCl 2 (pH 7.5), and 0.5 DTT using 24 g of protein supernatants. Assays were initiated by addition of succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin (Suc-LLVY-AMC; 100 mol/l final concentration). This substrate is cleaved by the chymotrypsin-like (␤ 5) activity of the proteasome releasing free AMC, which was then measured spectrofluorometrically using a Fluoroskan Ascent fluorometer (Thermo Fisher Scientific, Waltham, MA) or SpectraMax Microplate Reader (Molecular Devices, Sunnyvale, CA) at an excitation wavelength of 390 nm and an emission wavelength of 460 nm. Fluorescence was measured at 15-min intervals for 2 h. All assays were linear in this range. Each assay was conducted in the absence and presence of the specific proteasomal inhibitor 20 mol/l epoxomicin. Proteasome activity results are expressed as means Ϯ SE. Similar assays were performed to detect trypsin-like (␤ 2) and caspase-like (␤1) activities using Boc-LSTR-AMC and Z-LLE-AMC, respectively. For ␤ 2 trypsin-like activity 60 mol/l of epoxomicin and for ␤1 caspase-like activity 40 mol/l Z-Pro-Nle-Asp-al were used as inhibitors as previously described (29) . The 20S ␤ 1 caspase-like proteasomal activity assays were performed in a similar fashion with 10 l of 10ϫ Chemicon buffer containing 250 mmol/l HEPES, 5 mmol/l EDTA, 0.5% Nonidet P-40, and 0.01% SDS. No ATP was used for the 20S activity assays.
For measurement of cathepsin L activity, we used 34 g of protein sample in cathepsin L buffer (at pH 5.5) of (in mmol/l) 100 sodium acetate, 1 EDTA, and 1 DTT added fresh before use. Cathepsin L substrate Z-Phe-Arg-MCA (100 mol/l final concentration) was used in the presence and absence of 10 mol/l cathepsin L inhibitor I (Calbiochem). For measurement of calpain activity, 50 g of protein sample was used in 100 l of activation buffer of (in mmol/l) 50 Tris, 1 EDTA, 10 CaCl 2, and 150 NaCl (at pH 7.5) with 0.5 DTT added fresh before use. The ␤ 5-substrate Suc-LLVY-AMC (200 mol/l) was used in the presence and absence of 50 mol/l of calpain inhibitor IV (EMD Biosciences).
Western blotting. RV protein expression was determined by Western blot at 4 days (early RVH) and 8 to 10 days (late RVH and RVF). Western blots were performed based on established procedures (28, 76) . Protein concentration was analyzed using Spectronic Genesys (Thermo Electron, Madison, WI) and/or NanoDrop (Thermo Fisher Scientific, Wilmington, DE). After one-dimensional separation, the proteins were transferred to nitrocellulose membranes with traditional sandwich methods or using Trans-Blot Turbo Transfer System (BioRad Laboratories, Hercules, CA). Blots were sequentially probed with primary antibodies and appropriate horseradish peroxidase-conjugated IgG secondary antibodies and detected using Versadoc or Chemidoc XRS (Bio-Rad Laboratories) and quantified using Quantity One software program. Blots were normalized to GAPDH (Advanced Immunochemical; 1:1,000), Lamin B (Santa Cruz Biotechnologies), ␣-Actinin (Abcam; 1:125), or Ponceau-stained images. The primary antibodies include 20S proteasome (Epitomics; 1:10,000; Abcam), Ubiquitin (Sigma Aldrich; 1:100; Santa Cruz Biotechnologies 1:500 and 1:1,000; Life Sensors 1:1,000), UCHL1 (Enzo), 19S Rpt5 (Enzo; 1:2,500), 11S (Enzo; 1:1,000), NF-B (1:2,000), and Smurf1 (1:200) from Santa Cruz Biotechnologies. UbcH5C (1:1,000), IB␣ (1:1,000), Bax (1:1,000), and Bcl-2 (1:1,000) were from Cell Signaling Technologies. Oxyblot carbonylation was performed using a modified procedure based upon dinitrophenylhydrazine modification of oxidized carbonyl groups (21) .
Gene microarray analysis. Gene expression was evaluated using standard microarray methods (67) for altered regulation of transcripts pertaining to the UPS and related systems. These experiments were performed comparing 10-day post-op RVs of PAC (late RVH and RVF) and sham-operated mice (n ϭ 4) using Agilent microarrays (Agilent Technologies, Santa Clara, CA) and analyzed using Genespring GX (Agilent Technologies) and Stanford's Significance Analysis of Microarrays (SAM) following similar procedures (64, 67) .
Administration of proteasomal inhibitors. Studies using proteasomal inhibitors were performed in comparison with vehicle (10% DMSO/ saline) as the control beginning 1 day before surgery until the 8th post-op day. The ␤5-specific proteasome inhibitor epoxomicin was given by daily intraperitoneal injection at the rate of 0.5 mg·kg
, a dose which we tested and found to be nonlethal in control mice (data not shown) and that also does not independently induce apoptosis (32) . Because of concern that the short half-life of the drug would result in incomplete inhibition of the targeted enzymes, we conducted additional studies comparing three methods of administration: once daily intraperitoneally, three times daily intraperitoneally, or via continuous subcutaneous delivery via Alzet osmotic minipump (Durect, Cupertino, CA), delivering the same total daily dose. These studies demonstrated equal efficacy of enzyme inhibition, so all further studies with epoxomicin were conducted using the once daily intraperitoneal approach (data not shown). The inhibitor MG132 was given via Alzet pump with a nonlethal dose of 10 g·kg Ϫ1 ·day Ϫ1 that is known to not affect nonproteasomal protein degradation pathways like calpain-mediated muscle proteolysis (6).
Cardiomyocyte-specific proteasome enhancement using PA28␣ overexpression. The creation and baseline characterization of binary transgenic mice with cardiac-specific Tet-suppressible (Tet-off system) overexpression of the PA28␣ subunit of the 11S proteasome activator were previously described (41) . The binary mice were generated by breeding single transgenic PA28␣ responder mice with single transgenic tTA mice, all on the FVB/N background. The resulting double transgenic mice with cardiomyocyte-restricted proteasome enhancement were identified by PCR genotyping for the presence of both transgenes. Both the double transgenic mice and tTA single transgenic littermates (for controls) were subjected to PAC as detailed above.
Histopathology. Terminal deoxynucleotidyl transferase dUTP-mediated nick-end labeling (TUNEL) assay was performed using DeadEnd calorimetric TUNEL system (Promega) (52) . About 1,000 nuclei per RV were counted and analyzed using Image-Pro Analyzer (Bethesda, MD).
Statistical analysis. Results are expressed as means Ϯ SE unless mentioned otherwise. Statistical significance of differences in parameters from sham-and PAC-operated mice was assessed by t-test or one-way ANOVA with post hoc testing (Bonferroni/Dunnett's multiple comparison) using GraphPad Prism (GraphPad Software, La Jolla, CA) and Microsoft Excel (Redmond, WA). A P value less than 0.05 was considered significant. For gene microarrays, SAM incorporates a false discovery rate correction for multiple testing errors and calculates a d statistic for each gene based on the ratio of change in gene expression to SD in the data for that gene (64, 67) . Survival studies were analyzed using Gehan-Breslow-Wilcoxon and 2 -square tests.
Animal care. All procedures were performed in accordance with National Institutes of Health standards and were approved by the Administrative Panel on Laboratory Animal Care at Stanford University.
RESULTS
RV hypertrophy and failure. Echocardiography showed severe pulmonary stenosis at the site of the band and marked RV enlargement with flattening of the interventricular septum or septal encroachment into the LV and tricuspid regurgitation (Fig. 1) (Fig. 1, E and H) . However, 26S trypsin-like (␤ 2 ) enzyme activity and 26S caspase-like (␤ 1 ) activity (Fig. 1, F and G) were not changed, indicating differential regulation of each component of UPS proteolytic function.
Alterations in regulators of UPS. Several UPS and related genes involved in protein degradation were altered in the RV of PAC versus sham at 10 days (Table 2) . Nineteen genes were significantly upregulated and 21 downregulated. We also characterized expression of representative protein targets at various levels of the UPS cascade. Expression of the 19S base regu- latory subunit Rpt5 (S6a ATPase) was significantly increased at 4 and 10 days in PAC ( Fig. 2A) . 11S and 20S proteasome expression were not significantly altered [20S studied using 2 different antibodies, one targeting the ␣ 1 -subunit and another, the anti-core proteasome (␣ 5 /␣ 7 , ␤ 1 , ␤ 5 , ␤ 5 i, ␤ 7 )] (Fig. 2, B and  C) . Consistent with the decrease in proteasome peptidase activities, relative levels of ubiquitinated proteins were significantly increased both at 4 and 8 days after PAC (Fig. 3A ) associated with a 110% increase in free ubiquitin (P ϭ 0.05; Fig. 5A ). The physiologic significance of these results is supported by the fact that other regulators in the ubiquitin pathway were also increased. The ubiquitin ligase Smurf1 (SMAD specific E3 ubiquitin protein ligase 1) was increased at 8 days (Fig. 3B) . Microarrays showed several deubiquitinating enzymes (Table 2 ) involved in the conversion of ubiquitin polymers to monomers were altered, including a 7.6-fold increase in UCHL1 (ubiquitin carboxy-terminal hydrolase 1). Correspondingly, protein expression of UCHL1 was increased 3.7-and 6.1-fold at 4 and 10 days, respectively (Fig. 3C) . The E2 conjugation enzyme ubiquitin conjugation enzyme E2D 3 (UBE2D3/UbcH5C) was increased at 4 days (Fig. 3D) .
Alterations in UPS targets in RV failure after PAC. At 8 days, expression levels of ubiquitination targets were altered. The pro-apoptotic Bax levels were increased, and anti-apoptotic Bcl-2 levels were decreased. The Bax-to-Bcl-2 ratio was increased sixfold, suggesting that altered regulation of apoptosis may be an important mechanism in the development of RVF in this model (Fig. 4, A and B) .
NF-B is a transcription factor mediating LVH, and IB␣, an inhibitor of NF-B, is degraded by the UPS. Prior studies in LVH have suggested that UPS degradation of IB␣ alters LV remodeling by disinhibition of NF-B (32).
In contrast with these findings in LVH/LVF, we did not observe NF-Bmediated roles in RVH/RVF. Cytosolic IB␣ expression was slightly increased and nuclear NF-B expression was markedly decreased after 8 days PAC (Fig. 4, C and D) .
Effects of proteasomal inhibition on key UPS regulators and function. Studies using proteasomal inhibitors in LVH/LVF have been controversial, showing both cardiotoxic and cardioprotective effects (20, 59 ). Given our findings of decreased UPS activity in RVH/RVF, we tested whether inhibition of proteasome activity could further accelerate RV dysfunction or modify RV hypertrophy. To begin with, we found that there was an even greater increase (2.6-fold) in free ubiquitins following MG132 (nonspecific proteasome inhibitor) versus PAC ϩ vehicle (Fig. 5A) . With the administration of epoxomicin (a ␤ 5 -specific proteasomal inhibitor), ubiquitin conjugates further increased, indicating increased accumulation of polyu- biqutinated proteins that are not degraded by the inhibited proteasome (Fig. 5B) . Correspondingly, the levels of UCHL1 deubiquitinase increased 3.7-fold following proteasomal inhibition versus PAC ϩ vehicle (Fig. 5C ). Because of its wider spectrum of activity, we investigated the effect of MG132 on other proteases influencing nonproteasomal degradative pathways including autophagy, cathepsins (lysosomal protease, increased in microarray data; Table 2 , genes significantly upregulated in PAC RV vs. sham RV), and calpains (nonlysosomal protease) (35) . Neither system was significantly affected (Fig. 5, D and E) . Importantly, administration of inhibitors in the PAC mice did not hasten mortality. Both the increase in RV weight ( We have recently demonstrated that cardiac-restricted overexpression of PA28␣ of the 11S proteasome complex (CR-PA28␣OE) inhibited aberrant protein aggregation, attenuated cardiac hypertrophy, and delayed death in desmin-related cardiomyopathy as well as protected against ischemia/reperfusion injury (41) . We performed PAC on CR-PA28␣OE mice. To control for the effect of tTA transgene, we compared survival of CR-PA28␣OE versus tTA transgenic mice subjected to PAC. As expected, PAC on cardiac restricted Tet trans-activator transgenic control mice resulted in early mortality beginning at 8 days in the controls. In the CR-PA28␣/tTA-PAC group, RVH was unaltered (Table 1) . Nevertheless, PA28␣ overexpression significantly delayed mortality and extended survival after PAC compared with tTA controls (P Ͻ 0.05). Median survival was significantly extended by 21.4%. Although the majority of transgenic mice also died, late survival, beyond 3 wk, was most improved by proteasomal enhancement (P Ͻ 0.0001) (Fig. 6A) ; RVOT FS was improved by 25% in the PA28␣ overexpression group, although the latter did not reach statistical significance (Fig. 6B) . Given the increase in Bax-toBcl2 ratio in PAC, we assessed apoptosis in our PAC model histologically. The amount of TUNEL-positive nuclei were not significantly altered in both myocytes and nonmyocytes following proteasome overexpression (data not shown), indicating that UPS may not attenuate RVF by altering apoptotic cell death mechanisms. The survival and functional changes were associated with a significant increase in the 26S chymotrypsinlike (␤ 5 ) activity following conditional proteasome overexpression (Fig. 6C) . Correspondingly, the relative levels of ubiquitin conjugates were decreased by 16%, although they did not reach statistical significance (data not shown). Overall, we conclude that enhancement of proteasomal function has a partial protective effect in RVH/RVF.
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DISCUSSION
UPS activity has been shown to be decreased (19, 49) in human LVF; however, in rodent models of LVH and LVF, studies have shown either increased or decreased UPS activity (31, 43, 71) . Thus the role of the UPS in LVH/LVF is still unclear. We hypothesized that the UPS could play an even greater role in RVH/RVF due to the much greater increase in hypertrophy in the normally thin-walled RV after pulmonary artery banding compared with the LV after aortic banding, a 109% increase in RVW/BW in PAC versus a 54% increase in LVW/BW in transverse aortic constriction (76) . The current A: polyubiquitins (Poly) and free-ubiquitins (Free; black arrow) at 8d. B: polyubiquitins at 4d. C: de-ubiquitinating enzyme Uchl1 at 4d. Ubiquitins were normalized with Ponceau staining (A) or GAPDH (B). Cathepsin (D) and calpain peptidase activities (E) were not altered following MG132 treatment. Proteolytic activities were studied at 8d post-operative in both sham-operated and PAC groups treated with vehicle or MG132. Results are shown as percent change from sham ϩ vehicle (Veh). *P Ͻ 0.05; §P ϭ 0.059; n ϭ 3-7. Epox, epoxomicin; ns, not significant. All samples in A were derived from the same immunoblot and analyzed with a common reference sample; 1 of the sham lanes was removed because the sample was defective. Thus the sham samples in A are shown with a break between the lanes. study demonstrates downregulation of proteasome function during RV remodeling: decreased chymotrypsin-like 26S proteasomal activity, decreased caspase-like 20S proteasome activity, and alterations throughout the ubiquitination and proteasomal regulatory cascade. This includes increased ubiquitin conjugates and increase in expression of representative targets, namely UCHL1 deubiquitinase, 19S regulatory subunit, and Smurf1 E3 ubiquitin ligase. These alterations were associated with a sixfold increase in pro-apoptotic Bax to anti-apoptotic Bcl-2 ratio. To confirm whether these alterations in UPS activity played a role in the transition from RVH to RVF, mice with cardiac-restricted PA28␣ proteasome overexpression were subjected to PAC. Proteasome enhancement via PA28␣ overexpression resulted in partially improved survival.
Our principal finding that the chymotrypsin-like (␤ 5 ) and caspase-like (␤ 1 ) proteasomal activity is decreased in RVH/ RVF indicates that the proteasomes are hypofunctioning in this model of RV failure. The results are in concordance with a number of studies on LVH remodeling in both mice and humans (33, 49, 63) , in aging hearts (8) , and ischemia-reperfusion injury (21, 60) but is in discordance with other studies (5, 12, 20, 32, 45, 46) . The explanations for the varying responses in the LV have been debated (31, 43) and may be related to differences in the animal models or in techniques used in assessing proteasome activity. In accordance with other models of cardiac stress, the changes among the proteasome components following PAC indicate differential regulation of specific proteasomal enzyme activities in cardiac remodeling offering opportunities for targeted therapeutic interventions (23, 30, 33) .
The decrease in UPS enzyme function in our model was accompanied by an increase in total ubiquitinated proteins, indicating inadequate protein degradation. This parallels the results seen in failing human hearts (49) . Although ubiquitin has been implicated in nonproteasomal protein recycling and other functions (38, 65) , the increase in ubiquitinated proteins and free ubiquitins following proteasomal inhibition points to their role in proteasome-mediated protein recycling. The increase in ubiquitin conjugates in PAC was accompanied by a 7.6-fold increase in gene expression of the deubiquitinating enzyme, UCHL1, responsible for recycling of ubiquitin polymers to monomers. This is usually accompanied by an increase in protein expression, as reported in human dilated cardiomyopathy (47, 49, 72) , viral myocarditis (27) , and balloon injured carotid artery (58) . We confirmed a 6.1-fold increase in UCHL1 protein 10 days after PAC, indicating a possible compensatory role of UCHL1 in RVH/RVF. The specificity of substrates for proteasomal degradation is primarily conferred by the E3 ubiquitin ligases. MuRF1 has been reported to be upregulated in hypertrophic and failing hearts (71) . We found that the Smurf1 ubiquitin ligase expression is upregulated in PAC, the first report identifying a role of Smurf1 in cardiac hypertrophy. Smurf1 is responsible for proteasomal degradation of substrates including RhoA, an important F-actin filament modulator and participant in serum response factormediated cardiac gene transcription (39, 73) ; RhoA is also Fig. 6 . Enhancement of proteasomal activity by overexpression of PA28␣ extends survival in RV hypertrophy (RVH)/RV failure (RVF). A: shift to the right of KaplanMeier survival curve in PA28␣ overexpressors vs. control tTA transgenic mice after PAC. *P Ͻ 0.05 by GehanBreslow-Wilcoxon survival analysis; n ϭ 9 -11. B: decrease in RV outflow tract fractional shortening (RVOT FS) is less in PA28␣ overexpressors vs. control tTA transgenic mice subjected to PAC. *P Ͻ 0.001 vs. respective baselines; n ϭ 4 -6. C: increased 26S ␤5 chymotrypsin-like activity in PA28␣ overexpressors vs. control tTA transgenic mice subjected to PAC; n ϭ 3-5. CR-tTA, cardiac restricted Tet trans-activator transgenic control mice; CR-PA28␣/tTA, cardiac restricted PA28␣ overexpression transgenic mice.
important in modulating TGF-regulated Smad signaling and cardiac fibrosis (24, 53, 62, 70) . Finally, we have recently demonstrated that microRNAs associated with the UPS are altered in our model of RVH and RVF (51) . These include downregulation of miR-1 (known to target E2, Ube2h) and upregulation of miR-199a-5p (known to target E2, Ube2g1, Ube2i). In addition, miR-28 (predicted to target E3, Fbxl18) and miR-93 (predicted to target deubiquitinase, Usp24) were upregulated in RVH but downregulated in LVH. We have also shown excellent correlation using RT-PCR for a number of corresponding target genes in the UPS, namely F-Box and leucine-rich repeat E3 ubiquitin ligases, ubiquitin-conjugating enzymes, etc. Other genes altered in hypertrophy and heart failure include myosin heavy chain, atrial natriuretic peptide, and sarco-endoplasmic reticulum ATPase.
The post-translational modification of apoptotic proteins by ubiquitination regulates key components of programmed cell death signaling cascades (48, 55, 63, 68) . Similar to the findings of Tsukamoto et al. (63) in LVH/LVF, decreases in proteasome activity were associated with decreases in antiapoptotic proteins and increases in pro-apoptotic proteins and TUNEL-positive nuclei. In contrast with the LVH model of Hedhli et al. (32) , where proteasomal activity was found to be increased, in RVH IB␣ levels were not decreased, consistent with the decrease in proteasome activity observed. However, unlike UPS studies in human cardiomyopathies (49) and rodent models of LV ischemia-reperfusion (21), we did not find any difference in oxidative carbonylation in RVs of the PAC group compared with sham (data not shown).
The role of proteasomal inhibition of LVH/LVF has also been controversial. In studies in LVH/LVF models where UPS activity was found to be increased, proteasomal inhibition attenuates the development of hypertrophy and partially, but not totally, rescues LV function (20) . In contrast, Tang et al.
(59) have shown that proteasome inhibition with bortezomib decreased LV function in pressure overload-induced LVH/ LVF (59). To avoid the differential inhibitory effects on the various cardiac proteasome subtypes (11, 36) , we tested proteasome inhibitors from two diverse classes in vivo using standard tested nontoxic doses. Neither the irreversible/␤ 5 -specific (epoxomicin) nor the reversible/nonspecific (MG132) proteasomal inhibitors altered the degree of RVH or hastened the development of RVF, suggesting that the failing RV is not responsive to further proteasomal inhibition in this model of RV failure. Nevertheless, future studies are needed to study the effect of inhibitors being developed against the induced isoforms of proteasomes (10) .
There are several possible reasons for the differences in our results from those in some (but not all) studies in the LV. First, our results in the RV are consistent with the results of the groups that have also found decreases in proteasome activity in the afterloaded LV (63), suggesting a possibility that downregulation of proteasome activity may be a generalized process in both ventricles. Alternatively, the UPS response to RV pressure overload may be fundamentally different from that in the LV, reflecting other key differences in the stress responses of the two ventricles (7, 22, 37, 67) , as may be the case with Smurf1 upregulation. Some of the discrepancies among the different studies of LVH may reflect the use of mice of different background strains (20, 32, 63) , and a similar effect in our study cannot be ruled out. Notably, both our study and the study by Tang et al. (59) used mice from the FVB/N background, and have both shown no change in cardiac hypertrophy following proteasomal inhibition. Finally, even in studies showing a benefit of proteasomal inhibitors in LVF, the improvement in LV function is not huge (32) .
Although a pharmacologic activator of proteasomal function has not been tested in vivo (40), we were able to test whether proteasome enhancement could attenuate the progression from RVH to RVF using mice overexpressing the proteasome activator subunit PA28␣ of the 11S proteasome complex, CR-PA28␣OE. 11S is considered to play a greater role in intracellular protein degradation than in antigen processing (14, 26, 75) . We have recently demonstrated that CR-PA28␣OE did not alter the homeostasis of normal proteins and cardiac function but did facilitate the degradation of a surrogate misfolded protein in the heart. Importantly, we had shown that PA28␣ overexpression inhibits aberrant protein aggregation, attenuates LVH, and delays premature death in desmin cardiomyopathy as well as protects against LV ischemia-reperfusion injury (41, 42) . Our current results show that overexpression of PA28␣ partially prolongs survival in RVH/RVF, suggesting that proteasome functional insufficiency contributes in part to the pathogenesis of RVF (60) . However, contrary to our initial hypothesis, this effect was not dramatic, indicating that the decrease in proteasomal activity in our PAC model is only a partial contributor to the transition from RVH to RVF. These results could still be consistent with prior observations in the LV, suggesting that therapeutic approaches to modulating UPS activity that might work in conditions of LV stress may not be effective for RV stress. Alternatively, our model of RVH/RVF may be too rapid or severe to be fully rescued by the restoration of proteasome function. However, our model is similar to most transverse aortic constriction models of LVH/LVF, where the rapid progression from hypertrophy to heart failure provides a powerful tool to study basic mechanisms of disease. Given that humans with RVH often develop RVF only over decades, it is possible that proteasomal enhancement would have better efficacy in a more chronic setting. Future studies will be required to dissect how differential changes in subunit-specific proteasomal activities affect substrate selectivity and specificity, and, ultimately, how these affect cardiac phenotypes. Given the incomplete improvement in survival following proteasome overexpression, it would also be important to understand the contribution of alternative components that may be rate-limiting in RVF including autophagy and interplay between ubiquitin-proteasomemediated proteolysis and selective autophagy (71) . 
